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This thesis includes the structural enhancement study on the flexible or semi-rigid 
design of geopolymer mortar (GPM) to address tensile cracking commonly found at the 
invert of reinforced concrete pipes. Concrete pipes are often subjected to harsh sewer 
conditions, which eventually spread to the reinforcement skeleton through the resulting 
cracks and corrode it to cause premature structural failure of the pipe. Therefore, this added 
flexibility to the pipes’ rigid material will not only serve to limit corrosion of the steel 
reinforcement within the pipes but will also aid in increasing the structural stability of the 
pipe in its entirety. The suggested material for this semi-rigid design is additionally 
beneficial due to its use of recycled ingredients. Class F fly ash accounts for most of the 
material’s mass while fibers (steel, polyvinyl alcohol ‘PVA,’ and nylon) are used for their 
contributions to the geopolymer mortar’s overall flexibility. An alkali solution (sodium 
hydroxide, NaOH and sodium silicate, Na2SiO3) defines the mixture’s aqueous solution. 
These inexpensive and mostly recycled materials can directly reduce costs for the piping 
industry while also reducing emissions caused by the creation of the clinker used in 
Portland Cement Concrete. By improving overall concrete pipe stability and tensile 
strength, prolonging the life cycles of steel reinforcement and using recyclable waste 
materials as base ingredients, the research outcome for semi-rigid pipes made by flexible 
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1.1 Background Information 
Current construction practices of using Portland cement as a necessary ingredient 
in concrete are causing great harm to the environment. Not only does the clinker emit CO2, 
but the production process also requires high amounts of energy which leads to additional 
CO2 emissions. Together, these two causes of emissions are resulting in about 8% of the 
total global CO2 emissions as reported in 2018 (Johana Lehne 2018). There is a need for a 
comparable alternative to current practices that has not been met with the presently 
available solutions for alternatives. One field of study with considerable research uses fly 
ash as the base material. While known geopolymer mixes have certain benefits, the concept 
is still not widely used by industry (Metz 2007). If a geopolymer mortar could be created 
with fly ash as its base while incorporating other recycled materials or other financially 
preferable additives while providing comparable compressive and flexural strength, this 
alternative geopolymer mortar could be used instead of mixes relying on Portland cement 
thus lowering CO2 emissions.  
Specific to the underground construction focal point of this research is the standard 
use of reinforced concrete pipe for sanitary and storm sewer transport. Although reinforced 
concrete pipes have a long history of success in the municipality industry, the product does 
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have limitations that lead to premature failure. Due to Portland cement concrete’s (PCC’s) 
low flexibility, cracking often occurs at the invert of the pipes. This allows groundwater 
and the pipes’ contents to reach the steel reinforcement within the pipe. As the steel 
corrodes from the effects of this contact, it weakens and reduces the strength of the pipe. 
This process accelerates the decay of the pipe network and can eventually lead to total 
failure of the pipe network thus calling for an upgrade to the standard. 
1.2 Objective 
The overall goal of my research is to work toward the creation of an affordable 
flexible concrete while benefiting the Earth and scientific community. To do this, I will 
need to focus on three things. Primarily, I will need to create an artificial aggregate and a 
mortar to bond a collection of samples of the aggregate in a manner that performs well in 
compression and flexural strength testing. In addition to this, I will aim to produce the 
aggregate and mortar from recycled materials. Some recycled materials that have been 
considered are class F fly ash, crumb rubber, and lignin. Once success has been found in 
the mixes, I will work towards minimizing cost. To do this, I will limit the use of expensive 
materials in the final mix, so the product will be more likely to be implemented in current 
production and infrastructure creation.  
Success in my endeavors would create many positive changes in the world. By 
minimizing the use of Portland cement, the negative environmental impacts of concrete 
creation (discussed in section 2.1) would stop damaging the Earth. The recycling of 
materials would also reduce negative environmental impacts by reducing waste. The 
product itself would also serve as a beneficial upgrade to current practices because of its 
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potential for flexibility which would make it more useful in construction when tension and 
bending must be considered.  
These considerations are especially prevalent in the pipe industry. To combat the 
impacts of steel corrosion in RCP, a semi-rigid geopolymer pipe material is being proposed 
as a replacement to PCC use in precast pipe production. This geopolymer mortar (GPM), 
will be designed with two key concepts in mind. Primarily, the mix needs to provide 
increased flexural strength to reduce cracking at pipe inverts and subsequently reduce 
corrosion by lessening the water to steel reinforcement contact. In addition to this 
requirement, the material needs to match or outperform the compressive strength properties 
of PCC. Optimization of the mix will be established to create the greatest flexural strength 
obtainable while maintaining a minimum compressive strength of 4,000 psi.  
The mix should also be designed to benefit the environment by reducing carbon 
dioxide emissions and recycling abundant waste materials. The use of fly ash instead of 
Portland Cement clinker is an evident attempt at achieving this second goal by both 
methods. Throughout the research process, other waste products and energy-efficient 
methods will be tested to further the positive environmental shift in the transition from 
using GPM in place of PCC. 
1.3 Thesis Organization 
Five chapters follow this introductory chapter. These chapters go into detail 
describing the Literature Review, Methods, Results, Discussion and Conclusion, and 
Future Work associated with this research.  
Chapter 2 gives a summary of the relevant mixes considered in the research. These 
mixes include Portland cement concretes (PCC), geopolymer concretes (GPC), and 
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engineered cementitious composites (ECC). Materials to be added to our mix have also 
been given a brief overview. These materials include class F fly ash, lignin, and various 
fibers. 
Chapter 3 reviews the plan for approaching and progressing the research. This 
chapter also outlines the chemicals, equipment, and testing standards used to prepare and 
test samples of different mixes. The ratios of those mixes are also provided in this chapter. 
Chapter 4 provides all testing results for the various mixes. These results are 
tabulated for ease of reading and comparison.  
Chapter 5 finalizes the completed research with a discussion on what was 
discovered and what scientific gain can be taken from the work. Final comparisons between 
the new mix and existing methods are made here.  
 Chapter 6 describes the future work suggested to stem from this research. Some of 
this work has already begun. These topics include corrosion resistance and ballistic testing 









The task of bettering the environment should be on-going in the scientific 
community, and the reduction of greenhouse gases and the use of recycled materials are 
direct routes that can be taken to work toward this healthier world. Both actions are of 
paramount concern for this research. It should be acknowledged that each material chosen 
to study is readily available and a strong benefit would be found in the repurposing of each 
recycled material. Prior to the review of these proposed materials to be used, the paper will 
take a closer look at current cementitious and geopolymer concrete methods, benefits, and 
limitations.  
2.1 Portland Cement Concrete 
Portland cement concrete is used all over the world for various projects ranging 
from roadways to underground pipe networks and foundations to high bridges and 
buildings. This material contributes to the essential framework for much of modern 
infrastructure. There are problems with the wide use of Portland cement concrete (PCC) 
though. This product lacks flexural strength and therefore requires much steel 
reinforcement. This creates additional needs that must be met to use PCC in infrastructure. 
However, the rigidity of PCC does have some upsides, specifically in pipe networks. 
Because of its stiffness, it does not need to rely so heavily on surrounding soil for structural 
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support like flexible pipes (Wong 2018). The heightened risk of pipe invert cracking does 
counteract some benefits of concrete pipe, however. Additionally, the creation of PCC is 
highly damaging to the environment.  
Roughly 8% of global CO2 emissions were attributed to the creation of PCC in 2018 
(Johana Lehne 2018). That is up substantially from reports for 2003 which attributed 5% 
of global CO2 emissions to PCC production (Metz 2007). This climb suggests most 
prominently that the cement industry is not keeping up with the rest of the world in 
lowering emissions although improving energy efficiency, lowering emission fuels and 
reducing clinker ratios have been key methods in lowering the industry’s carbon footprint. 
The clinker mentioned here is what gives cement its bonding properties. As described on 
carbonbrief.org, it is formed by heating limestone (CaCO3) to extremely high temperatures 
of 1400+ Celsius to result in lime (CaO) as a product and carbon dioxide (CO2) as a 
byproduct waste. Roughly half of the emissions in PCC creation are a result of this reaction 
(Timperley 2018). 
2.2 Geopolymer Concrete 
An alternative to PCC is geopolymer concrete (GPC). This is “the result of the 
reaction of materials containing aluminosilicate with concentrated alkaline solution to 
produce an inorganic polymer binder” (Aldred 2012). GPC is much more friendly to the 
environment as it uses recycled fly ash from burned coal. The primary recycled material in 
question for this research will be the base material for the geopolymer mortar mixtures. 
This material is class F fly ash. While this is used already in geopolymer concrete as the 
primary ingredient, there are flaws in the current mix design which must be addressed, and 
current research is working to address these shortcomings from several different angles. 
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One angle is to find the optimized sodium hydroxide molarity used in the mix at varying 
percentages of Portland cement use (Phoo-ngernkham 2016). Though this would entail still 
using the Portland cement (PC) that causes great environmental issues, the reduction of PC 
used is a great gain. It is not an uncommon practice to use a combination of both the PC 
and fly ash, but ideally, no PC would be needed. 
2.3 Engineered Composites 
Another alternative to normal PCC is engineered cementitious composites (ECC). 
Victor Li’s team at Michigan State University has studied this material extensively. While 
having compressive strengths comparable to normal up to high strength PCC, the strain 
capacity and durability of the mix gives it great value (Li 2011). Li’s patent on the material 
suggests its compressive strength is around 3.0 ksi after only 4 hours of curing and can 
hold a tensile strain of over 2% (Victor Li 2010). The specifics on the mix are given in 
ranges but the mix considered in this work consists roughly of the following: 38.2%–48.5% 
type I or II cement, 3.8%–4.8% fly ash, 1.1%–1.9% Polyvinyl alcohol fibers, 1.7%–2.9% 
crack initiators, 28.6%–47.7% sand, 0.2%–1.0% super plasticizer, and water at a 0.25 to 
0.50 water to cement ratio (Victor Li 2010).  
Li’s mix has inspired others to attempt new versions of ECC. Gabriel Arce at 
Louisiana State University constructed a more affordable version as reported by (Clines 
2018).  According to Arce, “Compared to typical concrete, our cost-effective ECC material 
has about 300 times more deformation capacity, more than two times the flexural strength, 
and a higher compressive strength.” Arce also defended the additional costs of the ECC by 
stating less material should be required in construction (of pavements, specifically) 
therefore, ECC should be available at rates similar to standard PCC. The primary 
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ingredients of the mix designed by this LSU team are as follows: PVA fiber, Mississippi 
River sand, and Fly Ash (Clines 2018). 
2.4 Additional Additives 
2.4.1 Lignin 
The decision to research the incorporation of this material into the current study is 
derived from the high availability of the substance in industrial countries such as the United 
States of America. In addition to this, research on this material is growing due to the “virtue 
of its cross-linked structure and large amount of reactive phenolic functionalities” (Salanti 
2018). The methodology for creating epoxy resins from lignin has been studied with 
promising results. The use of lignin to create bonding and “cross-linkers” may be useful in 
potential new mortar designs (Salanti 2018). For these reasons, lignin has been added to 
the study to possibly serve as a super plasticizer and partial replacement of the sodium 
hydroxide used to form geopolymer mortars. Lignin also varies in its chemical makeup 
between different sources. Lignin obtained from different woods have varying qualities 
that can be studied for specific use. (Fadele 2018) studied the use of lignin from highly 
available sawdust in Nigeria to create laterite bricks because lignin derived from a more 
extensive industry was not readily available to the developing country. More research is 
being conducted and papers are being published often on this material which may be used 
to continue investigation beyond what was found in this study. The lignin to be used 
throughout the study was given to the research committee from the Graphic Packaging 
paper mill in West Monroe, Louisiana to conduct research.  
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2.4.2 Crumb Rubber 
Another recycled waste material studied through the research is crumb rubber. 
Obtained from Walpole Tire and Service in Ruston, Louisiana and sieved in Bogard hall, 
the material has been prepared for testing, and the smallest particles sieved (passing 0.177 
mm) have been used most in the testing. As referenced by (Razmi 2018), rubber does a 
good job absorbing different solvents thus causing a bloating or swelling effect (Razmi 
2018). This is considered to have the potential to lead to success due to the effectiveness 
of solvent retention or failure if the rubber prevents full reaction. It should be 
acknowledged that most research on the addition of crumb rubber to concrete is specific to 
asphaltic concrete (Lukjan 2017) & (Tai Nguyen 2018), but this does not suggest that 
crumb rubber benefits are limited to HMA. The successful mixes to increase longevity in 
HMA against rutting and the methodology used for finding the right percentage can still 
suggest methods for improvements in geopolymers and similar alternative concretes and 
help with experimentation progression (Tai Nguyen 2018). For example, (Karthik 2017)’s 
research in 2017 showed that replacing 2.5% of fine aggregate in their M40 grade concrete 
led to small increases in compressive strength for the 7, 14, and 28-day tests. More 
substantial improvement in the 2.5% replacement mix was noted in the 7, 14, and 28-day 
flexural testing (Karthik 2017).The primary gain of using crumb rubber is the recycling of 





(Chakravarthy 2016) showed that a combination of various fibers could be used to 
increase the compressive, indirect tensile, and flexural strength of a concrete mix consisting 
of a 50% Portland cement and 50% fly ash ratio as the binders. The three fibers used in 
their hybrid fiber combination were varying amounts of steel, basalt, and polypropylene 
fibers.  The hybrid fibers with 1% steel and either 0.5% or 0.75% basalt and polypropylene 
fibers each performed the best for flexural strength testing in their research. As for 
individual fiber reinforcement, steel performed the best of the three materials. In another 
study, the use of polyvinyl alcohol (PVA) fiber was tested. The samples with fiber 
experienced an increase in compressive and flexural strength. Graphene oxide was also 
tested in some mixes. The combination of both additives made the best mix for each test 
but having only the PVA fibers demonstrated improved flexural strength over having only 
the graphene oxide (Jiang 2018). 
The previously stated fibers do not generally stem from recycling processes. 
However, new research into the recycling and spinning of bottle (coke, water, etc.) plastic 
has been conducted. The bottle plastics that were spun into fibers with a centrifuge are 
polyethylene terephthalate (rPET), polystyrene (rPS), and polypropylene (rPP). The elastic 
modulus of individual fibers, 50/50 hybrid mixes of these fibers, and a 33/33/33 hybrid 
mix ratio of the fibers were tested. The rPET performed best with the rPS and rPET hybrid 
mix with the second strongest elastic modulus and tensile strength. The elastic modulus 
and tensile strengths of the strongest fiber were roughly 90 and 25 MPa, respectively 
(Zander 2017). Though the strengths of this fiber are not outstanding, the use of the 








3.1 Chronological Plan for Material Development and Testing 
 This research has effectively tested the compressive and flexural strength variations 
of an artificial mortar mix. Mixes evaluated stemmed from different combinations of 
recycled materials, proportions of the chemicals and fibers used, and heating temperatures 
and durations used to cure the samples. The mix ingredients’ properties, mix variations, 
and testing specifics are included in this chapter.  
3.1.1 Preliminary Testing 
Testing began by testing compressive strengths and drop testing small-scale cubes 
of different hypothesized mixes. Additionally, samples were submerged in water to see if 
any leeching of materials took place. Often, mixes would soften or separate after being 
submerged. Modifications were made to these mixes until a base mix was established. 
Further modification took place to create the mixes discussed in the remainder of this paper.  
3.1.2 Standard Testing 
Once preliminary testing was complete, standardized testing began. The standard 
tests ran were the ASTM C109 / C109M - 16a (“Standard Test Method for Compressive 
Strength of Hydraulic Cement Mortars (Using 2-in. or [50-mm] Cube Specimens”) which 
was used to test the compressive strength of standard 2” x 2” x 2” cube mortars and the 
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ASTM C78 / C78M - 18 tests (“Standard Test Method for Flexural Strength of Concrete 
(Using Simple Beam with Third-Point Loading)” which tested the flexural strength of the 
final product using a modified beam size of 1” x 1” x 11.5”. Using these standardized 
methods makes it easy to compare the proposed mixes to Portland cement-based mortar.  
3.1.3 Instrumentation 
Some general instruments needed for measurements were a dial caliper for accurate 
measurement of cube and beam dimensions in my preliminary testing and a scale accurate 
to two decimal places for measurement of masses of solids and solutions added to the 
different mixes. An oven was used to cure the samples when required. A KitchenAid stand 
mixer and beater attachment were used for the mixing of specimen materials as described 
in the Sample Preparation section. These pieces of equipment were stored and utilized in 
lab 106 in Bogard Hall at Louisiana Tech University. The XRF analysis of the fly ash was 
performed with a Thermo ARL QUANT’X EDXRF, and a Nicolet IR100 FTIR with a 
diamond ATR crystal was used to obtain the infrared spectra of the solid and liquid state 
of the lignin samples. 
For the actual compression and flexural strength testing, a hydraulic press with an 
adjustable jog rate and a peak load application of 450,000 pounds was used. Lab 114 in 
Bogard Hall at Louisiana Tech University provided a Test Mark Industries model number 
CM-450-SF hydraulic press for these purposes (serial number 080615). This hydraulic 
press was able to take measurements and present feedback in the form of a stress-strain 
curve that was calculated using the peak load, cross-sectional area determined from the 
specimen shape and dimensions inputted into the machine and displacement of the press 
from the beginning of the test. 
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3.1.4 Expected Sources of Error 
The main sources of experimental error will come from faults in the machines used 
for testing. The scale could be inaccurate by a few hundredths of a gram which would alter 
the mix proportions, or the density of samples and the hydraulic press could consider a 
specimen fractured too soon or too early and therefore give inaccurate readings for peak 
stress and strain. Other areas of potential error should be easily avoided by taking extreme 
caution throughout the experiments.  
3.1.5 Materials Used 
Class F Fly Ash 
The fly ash used in this research was donated from the Martin Lake Plant. Fly ash 
is a byproduct of coal combustion. Formerly considered as a waste material, fly ash is 
becoming a more common building material as a partial replacement for Portland cement 
in PCC and the base material for geopolymer concretes. The fly ash used in this research 
is mostly silicon dioxide, aluminum oxide, calcium oxide, and iron(III) oxide in decreasing 
concentrations. The full spectrum of components can be seen in the XRF (X-ray 
fluorescence) results below in Table 3-1, and the appearance of the fly ash can be seen in 
Figure 3-1.  
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Table 3-1: XRF Data for Class F Fly ash 
 
 
Sodium Silicate (Na2SiO3) 
 Sodium silicate is a key ingredient for geopolymer mortars. The linear formula is 
(𝑁𝑎𝑂𝐻)𝑥(𝑁𝑎2𝑆𝑖𝑂3)𝑦 ⋅ 𝑧𝐻2𝑂. Table 3-2 shows additional properties of the solution used 
in the research. This information has been provided by the selling site, Sigma Aldrich. 
 
 









Sodium Hydroxide (NaOH) 
 Sodium hydroxide is a basic solution commonly used in geopolymer creation. 
Properties of this solution were provided by the purchasing site, Sigma Aldrich. These 
properties are listed below in Table 3-3. 
 




 Equations 3-1 and 3-2 and were used to dilute this solution to the proper molarity. 
Molarity (M) and volume (V) with the initial (subscript i) and final (subscript f) solutions 
are the variables. Change in volume is accounted for by the addition of water to the initial 

















Lignin Black Liquor 
Lignin is a plant product that serves as a type of “glue” for trees. Sodium hydroxide 
is used to process this material out of timber when it arrives at paper processing mills. 
Lignin is a waste material that is usually burned for heat energy. The lignin used in this 
research was donated by the Graphic Packaging International Paper Mill in West Monroe, 
Louisiana. Not all lignin is the same. This is truer after processing which can vary the 
makeup of the waste. Therefore, Infrared Spectroscopy was performed on the wet and 
oven-dried material to better understand bonds present in this particular compound. Those 
results are shown below in Figure 3-2 and Figure 3-3. A sample of this lignin in liquid 
state can be seen in  
Figure 3-4, and a full table outlining which bonds are found at which ranges in this 
analysis can be found at (Sigma Aldrich n.d.). Hydroxyl groups and carbon double bonds 














Figure 3-4: Liquid Lignin Black Liquor for Research 
 
Steel Fibers 
 Mechanical properties of the Steel fiber used were provided by the manufacturer, 
NYCON. The 13 mm (½”) fibers used were SF Type I “Needles”. These steel fibers have 
a reported flexural strength of 203 GPa (29,000 ksi) and tensile strength of 1900 MPa (285 









 The mechanical properties of the PVA fiber used were provided by the 
manufacturer, Bon. The ¾” fibers used were #32-500 Anti-Crak™ Concrete Fibers. These 
PVA fibers have a reported modulus of elasticity of 29 GPa (4200 ksi) and tensile strength 




Figure 3-6: PVA Fibers by Bon 
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Nylon Fibers 
 Mechanical properties of the Nylon fiber used were also provided by the 
manufacturer, Bon. The ¾” fibers used were #32-504 Nylon Concrete Fibers. These nylon 
fibers have a reported tensile strength of 966 MPa (140 ksi), but no modulus of elasticity 
data was given by the company. The specific gravity is reported at 1.14. These fibers can 
be seen in Figure 3-7. 
 
 
Figure 3-7: Nylon Fibers by BON 
 
3.2 Sample Preparation 
 The tables in this section show the varying mix designs tested at the final stage of 
testing. The additional mixes made and tested in the preliminary stage of the research have 
been excluded from the final report due to their lack of durability in either the drop test or 
water solubility testing. Other preliminary mixes failed to cure or had strengths far lower 
than standard PCC and have therefore been excluded from the report. The mixes here report 
strengths in chapter 4.  
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3.2.1 Mix Process and Sample Matrix 
 Key variations in the mix designs are as follows: molarity of the sodium hydroxide 
used, water to fly ash ratios, addition of lignin black liquor, fiber type (when used), curing 
temperature, and curing time. Mixes 49–51 were created after initial testing and evaluations 
were completed. A total of 12 cubes and 8 beams were made for each of the three mix 
designs. These were also the first set of samples to introduce the use of black liquor as a 
partial replacement for sodium hydroxide. All other mixes tested 20 cubes and 20 beams. 
The testing matrix is displayed in Table 3-4, Table 3-5, and Table 3-6. 
In every mix design, the creation process was the same. First, the fly ash was mixed 
with any fibers that were to be used until the fibers were evenly coated and distributed. 
Then, sodium hydroxide was added slowly to be mixed into the dry materials. After evenly 
distributed (about 3 minutes), a sodium silicate solution was added to the mix. At this time, 
the mixes became more liquid. An additional 3 minutes was given to evenly disperse the 
solution. It is important to mix the sodium silicate after the sodium hydroxide has had time 
to soak into the fly ash. If this is not done, the aqueous solution will react without properly 
bonding the fly ash particles. Lastly, the mix was poured into the correct molds and covered 
before being placed in the oven for the specified time.  
22 




1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Class F Fly Ash x x x x x x x x x x x x x x x x x x
Sodium Silicate (50%) x x x x x x x x x x x x x x x x x x
Sodium Hydroxide (12M) x x x x x x x x x x x x
Sodium Hydroxide (16M) x x x x x x
Lignin Black Liquor
Steel x x x x x x
PVA
Nylon
5 x x x x x x x x x
12 x x x x x x x x x
18
50 x x x x x x
60 x x x x x x
70 x x x x x x














19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
Class F Fly Ash x x x x x x x x x x x x x x x x x x
Sodium Silicate (50%) x x x x x x x x x x x x x x x x x x
Sodium Hydroxide (12M) x x x x x x
Sodium Hydroxide (16M) x x x x x x x x x x x x
Lignin Black Liquor
Steel x x x x x x
PVA x x x x x x x x x x x x
Nylon
5 x x x x x x x x x
12 x x x x x x x x x
18
50 x x x x x x
60 x x x x x x
70 x x x x x x














A few examples of the completed cubes and beams are provided in the following 
figures. Notice the rough texture on the beams. This does not indicate apparent structural 
limitations but should be noted for improvement if the mixes were to be used in modern 
infrastructure. The issue is far less prevalent in the cube samples possibly due to the mold 
depth to surface exposure ratio.  
Figure 3-8 displays an older sample with a high lignin content that is not described int the 
matrix or included in the Results section but has been included here for visual comparison. 
Figure 3-9 shows a sample with no reinforcement and a high sodium hydroxide 




37 38 39 40 41 42 43 44 45 46 47 48 49 50 51
Class F Fly Ash x x x x x x x x x x x x x x x
Sodium Silicate (50%) x x x x x x x x x x x x x x x
Sodium Hydroxide (12M) x x x x x x x x x
Sodium Hydroxide (16M) x x x x x x
Lignin Black Liquor x
Steel x
PVA x x
Nylon x x x x x x x x x x x x
5 x x x x x x
12 x x x x x x
18 x x x
50 x x x x
60 x x x x
70 x x x x x x x
20 20 20 20 20 20 20 20 20 20 20 20 12/8* 12/8* 12/8*
* 20 beams and 20 cubes were made for samples 1–48. Samples 49–51 only tested 12 beams and 8 cubes for each mix.























Figure 3-10: Collection of Beams and Cubes Prior to Testing 
 
3.2.2 Mix Ingredient Ratio 
The water to fly ash ratios given in the work are used to create an identical 
comparison between 12 and 16 molar NaOH solution samples. By explaining the samples 
in this manner, quick comparisons can be made between samples of similar workability. 
Another way to express the ratios of chemicals to fly ash used is to define the aqueous 
solution as an ‘activator solution’ comprised of sodium hydroxide and sodium silicate. 
Table 3-7 shows the conversion between the water to fly ash ratios and activator solution 
to fly ash ratios for 12 and 16 molar NaOH.  
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 The percentage of each mix ingredient used for 12 and 16 molar NaOH solution 
samples can be found in Table 3-8 and Table 3-9, respectively. It should be noted that 
the mass of the fiber added is always 1% of the mass of fly ash used in each sample. 
 









Activator Solution : Fly Ash Ratios
Water : Fly Ash 0.5 0.4 0.3 0.2
Fly Ash, % Mass 56.92 62.28 68.77 76.76
NaOH (12M), % Mass 17.23 15.09 12.49 9.30
Na2SiO3, % Mass 25.85 22.63 18.74 13.95
Fiber, % Mass - - - -
Water : Fly Ash 0.5 0.4 0.3 0.2
Fly Ash, % Mass 56.59 0.62 0.68 0.76
NaOH (12M), % Mass 17.14 0.15 0.12 0.09
Na2SiO3, % Mass 25.70 0.22 0.19 0.14
Fiber, % Mass 0.57 0.01 0.01 0.01
Mix Designs with Varying Water : Fly Ash Ratios (without Fiber)
Mix Designs with Varying Water : Fly Ash Ratios (with Fiber)
28 




Water : Fly Ash 0.5 0.4 0.3 0.2
Fly Ash, % Mass 55.27 60.68 67.30 75.53
NaOH (16M), % Mass 17.89 15.73 13.08 9.79
Na2SiO3, % Mass 26.84 23.59 19.62 14.68
Fiber, % Mass - - - -
Water : Fly Ash 0.5 0.4 0.3 0.2
Fly Ash, % Mass 54.96 60.31 66.85 74.96
NaOH (16M), % Mass 17.79 15.63 12.99 9.71
Na2SiO3, % Mass 26.69 23.45 19.49 14.57
Fiber, % Mass 0.55 0.60 0.67 0.75
Mix Designs with Varying Water : Fly Ash Ratios (without Fiber)








4.1  Confidence Interval Plots by Mix Specifications  
 The data from all samples tested for both compressive and flexural strength are 
organized in Figure 4-1 through Figure 4-8. The graphs display the data grouped by 
varying water to fly ash ratios with individual mixes listed by curing temperature 
subgroups. There are eight (8) graphs in total separated by sodium hydroxide molarity, 
curing time, and test performed. A 95% confidence interval is displayed in the foreground 
of each dataset. This interval has been calculated using the unique standard deviation from 
each dataset of five (5) data points. The mean is displayed for each data set, and a mean 



















































4.2 Design of Compression to Flexural Strength Conversion Equations 
 The data points from section 4.1 were evaluated with the intent of relating flexural 
and compressive strengths. Two approaches were taken to describe this relationship. The 
first approach was to plot the compressive and flexural strength data points for each fiber 
reinforcement design in ascending order. (This cross-compared samples with different 
curing temperatures and water to fly ash ratios which seems problematic. However, by 
doing so, the equation should apply to samples when these pieces of information are 
unknown. The accuracy of this equation will be further discussed in the Discussion and 
Conclusion section.) A linear trendline with a set y-intercept at zero (0) was chosen to 
relate the two sets of data. The equation of the line for each plot is shown in the 
accompanying table. From this equation, it is predicted that the flexural strengths of the 
mixes without fiber generally range from 10.0% to 10.5% of the compressive strength. 
This holds true for the mixes with fibers as well.  
 A second relationship was formed using the same equation format of the American 
Concrete Institute’s Building Code Requirement for Structural concrete (ACI-318-14) 




relates the flexural strength of concrete to the compressive strength of the same mix (ACI 
Committee 318 2014). In this equation, fr is the modulus of rupture or flexural strength, f’c 
is the compressive strength, and lambda (λ) is a scaling unit for lightweight concrete but 
will be considered as one (1) for this work. Additionally, the variable ‘y’ is used for 
modulus of rupture in the equation to resemble the associated graphs more accurately.  
 To find the coefficient for the mix designs, a weighted average similar to a three-
point estimation was used rather than relying only on the mean of the data. This was done 
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to counterbalance the fit line if the mean was disproportionally nearer to the upper or lower 
limits of the data. The equation used three variables to represent the upper limit (U), lower 
limit (L), and mean (M) of the data. This estimated weighted average (E3) was then 
calculated as shown in the below equation. The resulting equations are displayed in each 
associated table under the plots of each dataset.  
 
 𝐸3 = 
𝐿 + (4 × 𝑀) + 𝑈
6
 Eq. 4-1 
 
 







Figure 4-9 through Figure 4-12 on the following pages show the previously 
described equations juxtaposed over the corresponding data points for samples without 
fiber reinforcement to give a visual depiction of the work. Below each figure, a table is 
given to provide specifics of the equations derived from that sample group. Table 4-1 
through Table 4-4 reference the figure they accompany for clarity. A combination of all 






Figure 4-9: Linear and ACI Format Equations - 16M NaOH Nonreinforced Samples 
Cured for 5 Hours 
 


































𝑦 =  .  4 × 𝑓 ′𝑐




Figure 4-10: Linear and ACI Format Equations - 16M NaOH Nonreinforced Samples 
Cured for 12 Hours 
 

































𝑦 =  .  5 × 𝑓 ′𝑐




Figure 4-11: Linear and ACI Format Equations - 12M NaOH Nonreinforced Samples 
Cured for 5 Hours 
 






































𝑦 =  .    × 𝑓 ′𝑐




Figure 4-12: Linear and ACI Format Equations - 12M NaOH Nonreinforced Samples 
Cured for 12 Hours 
 




































𝑦 =  .  4 × 𝑓 ′𝑐
𝑦 =   .7 × 𝑓 ′𝑐
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Figure 4-13: Linear and ACI Format Equations – All Data 
 































𝑦 =  .  4 × 𝑓 ′𝑐
𝑦 =   . × 𝑓 ′𝑐
𝑦 =  .   6 × 𝑓 ′𝑐
𝑦 =  .  4 × 𝑓 ′𝑐
𝑦 =   . × 𝑓 ′𝑐
𝑦 =  .    × 𝑓 ′𝑐
𝑦 =   .4 × 𝑓 ′𝑐
𝑦 =   . × 𝑓 ′𝑐
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4.3 Confirmation Testing and Black Liquor Use 
Once the ACI format and linear equations were recorded, additional samples were 
made to test their accuracy. These are mixes 49-51 outlined in the methods section. Note 
that mix 51 utilized lignin black liquor as a partial replacement for the sodium hydroxide 
used in the other mixes. This is a key first step into similar research being conducted.  
Table 4-6 outlines the means of the compression strength, flexural strength, theoretical 
flexural strengths based on the formed equations, percent error of those theoretical values, 
and the percent difference between the two theoretical values for all three mixes. There is 
little difference between theoretical values, but the error is substantial. Elaboration on this 
and a comparison to the previous 48 mix designs is given in the Discussion and Conclusion 
section. 
 



















Difference  ACI 
& Linear 
Equations, %
PVA Fiber Mix 11713 2097 1266 39.6 1202 42.7 5.2
Steel Fiber Mix 10948 660 1224 85.5 1127 70.7 8.3
Black Liquor 
and PVA Fiber 
Mix







DISCUSSION AND CONCLUSION OF PRESENT WORK 
 
 The research conducted and data recorded suggest that environmentally friendly 
geopolymer mortar is a viable replacement material for Portland cement concrete. This 
material has proven to outshine Portland cement standard strengths in both compression 
and flexural strength testing. Raising the molarity of the sodium hydroxide, lowering the 
water to fly ash ratio, and curing for longer times have the most success at improving 
strengths in the mixes. Curing temperature shifts from 50 degrees Celsius to 60 degrees 
Celsius generally improved strength, but the impact from raising the temperature another 
10 degrees had inconsistent results. Only the compressive strength of the samples lacking 
fiber displayed truly consistent gain with the addition of more heat. All other samples failed 
to consistently vary strength reports in relation to all temperature increases. 
 Additionally, the introduction of fibrous materials can be used to further the 
strength of the mixes though not by drastic amounts. Steel and PVA reinforcement had the 
greatest impacts, respectively. Nylon fiber offered only marginal strength improvements 
over samples without fiber reinforcement. These increases in strength gained from added 
fiber caused an increase in variability in compression and flexural strength results. The 
most consistent results came from compression testing of samples without fiber while 
fiber-reinforced mixes had a broader confidence interval. Additionally, flexural strength 
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results consistently had greater variance than the seemingly more controlled compressive 
strength results. 
 The linear and ACI formatted equations formed to relate the flexural strength to the 
compressive strength showed large percent errors when compared with the tested data in 
the follow-up mixes, 49-51, though both equations estimated similar strengths. To gain a 
better understanding of any application possibilities, Table 5-1 was created: 
 




 From this table, it can be concluded that the prediction of flexural strength from 
given compressive strength data using the ACI formatted equation will be limited to a range 
of only 8.6% to 10.5% error for the four fiber variations when given data is within one 
standard deviation of the mean. When the values fall outside this range, this range increases 
to vary from 12.7% to 13.5%. The steel fiber set and set without fibers had the lowest and 
highest percent errors, respectively, in both cases. Using the linear trendline equation 
lowered these estimated percent error ranges to a range of 3.2% to 4.3% for predicted data 
points within one standard deviation of the mean. The range increases to vary from 4.0% 
to 4.6% for all the data points. Steel reinforcement remained the lowest percent error, but 
nylon fiber reinforcement percent error was slightly higher than the samples without 

















Full Range of All 
Data, %
None 12038 2479 1247 10.5 13.5 4.3 4.5
Steel 13448 2721 1375 8.6 12.7 3.2 4.3
PVA 12911 2626 1315 9.5 13.0 3.6 4.0
Nylon 12585 2553 1300 10.1 13.1 3.7 4.6
Test Values
Percent Error for ACI Format 
Predicted Results














 The accuracy of these predictive equations places the percent error found in mixes 
49-51 to be questioned. It is suggested that additional study be conducted to broaden the 
sample size. Additionally, these samples were cured for much longer which could have had 
a great effect on the samples.  
 Given the environmentally friendly nature of the studied geopolymer mortar, the 
high compressive and flexural strengths of each mix design, and the interpolated equations 
that can be used for strength predictions, it is suggested that the application of such a mix 
be implemented in the pipe industry as well as other precast concrete products. Production 
cost of the material will vary by molarity of sodium hydroxide used and energy expenditure 
to cure the mix. Costs associated with the use of the selected fiber (if any is used) can also 
be expected. The simplicity of the mixes along with the listed benefits make a strong 









6.1 Corrosion Resistance Testing 
Although the enhanced structural strength of the mix should reduce corrosion risks 
in underground pipe networks, additional corrosion resistance should still be considered in 
the new mix design. Having a general resistance to corrosion would also benefit the 
material’s use in general applications, especially those near water (saltwater in particular). 
Some testing on this property has already been started for one mix design as a preliminary 
trial for future work. The testing evaluated this mix against a Portland cement mortar with 
a water to cement ratio of 1:4 which should have low permeability and an inclined 
resistance to corrosion (Neenu n.d.). The mix design used for this preliminary corrosion 
testing has the mix properties outlined in Table 6-1 below:  
 





 This mix was prepared similarly to many of the samples from the research. First, 
the fly ash was blended with the fiber with a KitchenAid mixer. Next 16M NaOH solution 
Ingredients Percent Contribution
Class F Fly Ash 70.30%
16M NaOH 9.80%
50% Na2SiO3 14.70%
13 mm PVA Fiber 5.20%
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was added to the dry ingredients and mixed thoroughly. Finally, the 50% sodium silicate 
solution was added to prepare the geopolymer mortar, which was then poured in the mold. 
The molds were then covered and placed inside the oven at 145°F for five hours.  
 The potential for Corrosion was tested with an open circuit potential (OCP) test. A 
reference electrode prepared with a water and copper sulfate solution was used to take 
readings of voltage drop. Before every test, this electrode was calibrated to measure within 
5 mV of the unused reference electrodes. This was done to ensure consistency in readings. 
The working electrode used was the prepared sample. Both test electrodes were placed in 
a 3.5% by weight saltwater solution when readings were taken. Readings were taken with 
a multimeter. The test setup is shown below in Figure 6-1. The ground/negative lead is 




Figure 6-1: Open Circuit Potential Test Setup 
  
 Voltage readings were taken for the open circuit potential tests twice weekly for 6 
weeks. The measurements taken at each reading are displayed in Figure 6-2. 
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Figure 6-2: OCP Corrosion Testing Results 
 
 The data is plotted so that lower values suggest lower corrosion potential within the 
sample. In both mixes, this potential increases gradually as expected. However, initial 
results from the test show better, more positive results for the geopolymer mix sample. 
Still, there is speculation that the PCC was not fully matured on the first day of testing 
which explains the decrease in corrosion potential for the first 7 days. The rise in the curves 
of both samples suggests that the reinforcement was becoming increasingly corroded in 
days 14 through 28. By the end of testing, both samples give similar readings aside from a 
drop in the PCC curve at day 39 which is likely the result of an error by the scientist. With 
the similarity in these results and without additional test samples to confirm or deny their 
accuracy, it is concluded that the corrosion resistance of both mixes is without substantial 
variation. More samples are needed to better understand the corrosion resistance value of 
this GPM mix. Additional mixes optimized to resist corrosion in saltwater solutions should 
be designed to further this research and add benefit.  
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6.2 Pipe Testing  
 The same mix design and procedure from the corrosion testing was used to pour a 
small pipe with an inside diameter of 2.15” and outside diameter of 3.00”. This resulted in 
a standard dimensional ratio (SDR) of 7.05. The SDR is the ratio of outside diameter to 




Figure 6-3: Pipe Sample for Testing 
  
An ADMET eXpert 2611 universal testing machine was used for the parallel plate 
test run on the prepared pipe sample. The test setup is shown on the next page in  
Figure 6-4 with a free-body diagram of applied force (left) and the placement of 
the sample in the machine (right). The load and deflection on the 2.877-inch-long pilot 
sample was found 916.31 lbf and 0.1237 inch, respectively. Plans to pour additional pipe 
samples as well as control PCC samples for testing are already in place. This will provide 




Figure 6-4: Parallel Plate Testing Setup 
 
 To gain a better understanding of the significance of the load and deflection data in 
relation to the pipe dimensions, the following equations were used. Variables include pipe 
stiffness (PS), Modulus of Elasticity (Ep), Moment of Inertia (Ip), Ring Stiffness Constant 
(RSC), Ring Flexural Stiffness (RFS), Flexibility Factor (FF), average radius (r), and 
average diameter (D) (Moore 1994). 
 
 𝑃𝑆 =
𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑙𝑜𝑎𝑑 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑙𝑒𝑛𝑔𝑡ℎ
𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛
 Eq. 6-1 
   
 












   
 
𝑅𝑆𝐶 =  
𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑙𝑜𝑎𝑑 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑙𝑒𝑛𝑔𝑡ℎ
 .  
 
Eq. 6-3 
   
54 
 
𝑅𝑆𝐶 =  
6.44𝐸𝑝𝐼𝑝
𝐷2
 Eq. 6-4 
   
 






 Based on Equation 6-1 and using the available data, the calculated PS value of the  
pilot sample was found 2,574.7 psi, which is around 13% higher than that of a similar 
dimensional ratio (DR=7.05) high density polyethylene (HDPE) pipe (Plastics Pipe 
Institute, Inc. n.d.). The choice to use HDPE as a comparison to industry stems from the 
lack of available stiffness data collected and reported on reinforced concrete pipes (RCP). 
The modulus of elasticity of the pipe material was calculated to be 128,392 psi, ring 
stiffness constant equals to 9,546 lbf per foot, and the flexibility factor is 6.746 x 10-4 ft 
per lbf. The versatility of this material to be used as a structurally sound concrete 
replacement as well as a competitor for HDPE pipes speaks to its value and the value of 
continued research in this area of interest. 
6.3 Recycled Fiber Testing 
  Mixes that were not able to be given in-depth study were those using recycled 
plastic fibers. For future research, mixes with varying concentrations of rPET and the 
rPS/rPET hybrid fibers should be tested for compressive and flexural strength. If these 
geopolymer mixes can compete with PCC in compressive strength and add some flexural 
strength, an argument to move toward repurposing more recycled products for construction 
practices could easily be made. Even if these mixes are weaker than what has been 
developed in this research, the added green benefit could make them viable where lesser 
strength is required. 
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6.4 Applications 
 Gravity sewer pipes are the primary application of the developed mixes. This has 
been the product in mind for the lifespan of the research. However, this is not the only 
sector of industry that could benefit from an engineered, high strength, semi-rigid 
geopolymer mortar. The carbon footprint reduction of this design makes it a contender in 
any precast concrete industry. If alternate curing methods are studied, a future mix could 
even be applicable for cast-in-place construction practices. In addition to civilian 
infrastructure, the military could gain as beneficiaries of the work if the corrosion and/or 
ballistics testing results indicate additional benefits of the mixes. Primarily, the United 
States Naval bases could gain given their proximity to the seas. The continuation of this 
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